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INTRODUCTION 
Emittance is a property of great importance in the 
design of refractory materials. To accurately measure the 
temperature of—a body in non-blackbody conditions a correc­
tion must be applied to the brightness temperature to deter­
mine the true temperature. In addition, the special possi­
bilities of uranium oxides as fuel materials in anticipated 
uses such as aircraft or spaceship engines requires a know­
ledge of the radiative properties of the material and hope­
fully an atomistic basis for these properties. It is felt 
that the following study will make some contribution to this 
store of knowledge for present and future uses. 
The property measured in this research was the hemispher 
ical spectral emittance of uranium oxides as a function of 
temperature, porosity, density, and O/U ratio. Wide varia­
tions were used in these variables for the double purpose of 
matching the variables used in forming the oxides and gaining 
an understanding of the nature of the material. 
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LITERATURE REVIEW 
Belle (1) has reviewed uranium oxides in detail. The 
author (2) has also reviewed these oxides in an earlier 
thesis. Thus, the following literature review is limited to 
the essentials necessary to understand the emittance measure­
ments performed, the theory of emittance, and the possible 
relationship of the emittance to the nature of uranium oxides. 
Structural Data 
Uranium oxides are among the most variable of compounds. 
At low temperatures the stoichiometric material has the CaF2 
structure (3). Extra oxygen can be taken up in the structure 
with very little distortion of the lattice to O/U ratios of 
2.33 and perhaps to 2.50 (4-10). It is generally felt that 
only the oxygen lattice is defective (9,11-13) but some 
studies indicate that uranium lattice defects also exist (14, 
15). The position of the extra oxygen ions in the lattice has 
been worked out by Willis (13). He found displacements of the 
extra oxygen ions of about 1 A along the [110] and [111] 
directions from their assumed sites at %%%,%00,0%0, and 00% 
accompanied by vacancies on the normal oxygen lattice. 
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Kinetic Data 
The activation energy for diffusion of oxygen in uranium 
oxide has been frequently reported (16-20) as about 27 Kcal/ 
mole (1.18 ev.)' However, Smith (20) has reported that this 
value is probably for diffusion of oxygen through the U3O7 
structure and that the activation energy for taking up oxygen 
is only about 12.8 Kcal/mole (0.56 ev.). Willis ^  aj.. (21) 
studied the thermal vibrations of oxygen and uranium ions in 
the dioxide and found them to be much lower than w©uld be 
expected for melting to occur at vibrational amplitudes equal 
to the nearest-neighbor separation. They calculated an oxygen 
o 
ion vibrational amplitude of 0.44 A at the melting point of 
the dioxide. 
Optical Data 
Measurements of emissivity, reflectivity, and transmissi-
vity on uranium oxides in the literature are few and have not 
been systematically related to density, composition, and tem­
perature. The best known values are those of Claudson (22) 
who found the emissivity of unpolished specimens to decrease 
with temperature. Ehlert and Margrave (23) also measured the 
emissivity of the dioxide. These data are presented in Table 
1. 
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Table 1. Normal spectral emissivity of UO2 
Temperature (°C) Eml^.)ivity 
1,047^ 0.850 
1,320 0.798 
1,482 0.628 
1,522 0.510 
1,580 0.417 
1,647 0.402 
1,682 0.484 
1,780 0.446 
1,947 0.370 
1,800 - 2,100° 0.40 for sinters^ 
0.51 for powders^ 
^All figures except those designated "b" are from 
Claudson (22). 
^Figures are from Ehlert and Margrave (23). 
Jones and Murchison (24) have measured the normal spec­
tral reflectivity of uranium oxide sinters at room temperature 
as a function of composition and wave length. They found a 
measurable separation of the reflectivity at the extremes of 
the visible wave lengths as a function of O/U ratio with 
little variation around 0.5p.. At 0.65|j. the reflectivity varied 
from about 0.167 to 0.183 for O/U ratios of 2.003 to 2.203. 
When translated to emissivity values this is a difference of 
about 2%. 
The index of refraction of uranium oxides has been meas­
ured rather more often than other optical constants. Ellis 
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(25) has plotted n versus wave length for fused oxides having 
an O/U ratio of 1.993. Ackermann Qt a^. (26) have calculated 
the index and extinction coefficient for thin films by meas­
uring their transmission. Table 2 shows these data (26) along 
with reflectance as calculated by the classic equation 
_ (n - 1)^ + (nk)^ /nx 
(n + 1)2 + (nk)2 
Also included are the values of the index of refraction as 
taken from the graph of Ellis (25). 
Table 2. Optical constants 
Wave­
length^ 
mp 
Index of 
refraction^ 
Index of , 
refraction 
Extinction 
coefficient^ 
Classic 
reflectance 
800 2.29 0.002 0.154 
725 2.34 0.002 0.161 
650 2.331 2.321 0.0055 0.1597 
600 2.42 2.389 0.009 0.172 
550 2.48 2.465 0.024 0.173 
500 2.52 2.521 0.098 0.190 
475 2.50 2.529 0.155 0.194 
450 2.58 2.512 0.220 0.214 
425 2.53 2.476 0.282 0.220 
400 2.433 
^From Ackermann _et aJ.. (26) . 
^From Ellis (25). 
Companion and Winslow (27) measured the diffuse reflec­
tance of powdered uranium oxides of variable composition and 
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found that the results of Ackermann ^  (26) on thin films 
applied also to the bulk material. Gruen (28) had earlier 
found about the same trends in uranium oxides ground up in 
alkali halides. Bates has measured the absorption spectra of 
uranium dioxide single and polycrystals (29). His results 
are most accurate on single crystals in the infrared, but an 
estimation of the absorption coefficient, a, at 0.65p, can be 
' — 2 
made as about 3.8x10 /cm. This implies an extinction coeffi­
cient two orders of magnitude greater than that of Ackermann 
et al. (26). Bates found the absorption coefficient for 
single crystals to be an order of magnitude smaller than for 
polycrystals. 
Relationship Between Optical Properties 
The term emissivity is used to designate the ratio of the 
amount of radiation emitted by an opaque, optically smooth 
body, to the amount of radiation emitted by a black body at 
the same temperature. It is understood that a black body 
absorbs all radiation incident upon it. In general, the 
amount of radiation emitted by a body depends upon composition, 
size, shape, and surface condition so that the value obtained 
by comparing its radiative output to a black body at the same 
temperature is called emittance (30, pp. 28-29). 
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Emittance is also angularly dependent. For a blackbody 
the radiation emitted goes by the familiar Lambert's cosine 
law ^ 
60 = en COS0. (2) 
By integration of this equation into specific angular distri­
butions (30, pp. 9-13) one finds that the emitted intensity 
of the radiation falls off as 0 increases. The average emit­
ted intensity over a hemisphere is one-half the normal inten­
sity. However, the emittance remains constant for a blackbody. 
Polarization of light at the surface for a non-blackbody 
usually changes the value of the measured emittance (30, pp. 
31-33). For metals this correction increases the emittance 
slightly at angles above about 30°. Just the opposite is true 
for many metal oxides and carbon. Dielectric materials con­
form closely to the cosine law out to about 60 to 65° and then 
fall off rapidly above 75°. 
It is hard to judge where uranium oxides fall in this 
classification so it is well to assume that it behaves like 
most oxides having hemispherical emittance values about 8% 
lower than the normal emittance values. 
Emissivity Calculations 
In the classical case of a harmonic oscillator the re­
flectivity can be calculated from the index of refraction 
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and the extinction coefficient. The calculation of einissivity 
for real materials depends upon knowing the absorption coef­
ficient, scattering coefficient, and reflectivity of the 
material. In addition, a model of the material is often 
necessary to explain the changes in these parameters with 
composition and temperature. 
In semiconductors the absorption of energy can often be 
related to an energy gap. However, uranium dioxide is not 
a classic semiconductor but corresponds more closely to the 
hopping or electron transfer model (31-32). There is reason­
able agreement among various authors (9,32,33) on the activa­
tion energy for the extrinsic (0.2 ev.) and intrinsic (1.5 ev.) 
activation energy for electrical conductivity in uranium di­
oxide. These energies are considerably less than the photon 
energy of about 1.8 ev. where this study was made. 
Bates (29) shows 21 absorption peaks between 2.08 ev. 
(0.6M.) and 0.0833 ev. (15M.) for uranium oxides with a multiple 
peak near 0.56 ev. which could correspond to the energy of 
activation for oxygen solution (20). Other peaks reported by 
Bates (29) could be related to diffusion of oxygen, extrinsic 
conduction, or intrinsic conduction. There are, however, 
peaks enough to account for these processes plus several more. 
The cut off edge for uranium dioxide is roughly in the visible 
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region and contains several peaks in its fine structure (29). 
This condition should provide interesting absorptance-emit-
tance data for uranium oxides. 
The commonly measured absorption coefficient, a, is usually 
measured on thin films and is a bulk constant not connected to 
various components of internally scattered radiation. The 
absorption index is related to the absorption coefficient by 
the relation 
a = 4TTkn/ X (3 ) 
In the more precise derivation of the emissivity of a material 
one starts with an incident flux I and a backscattered flux J, 
where K' and S are types of absorption and backscattering 
factors for the radiation. The differential equations for 
this condition are: (34) 
dl/dl = -(K'+S)I + Sj (4) 
and dj/dl = (K'+S)J + SI. (5) 
Equations 4 and 5 have been solved for ceramic materials for 
coatings (35) and solid materials (36). They are respectively 
and 
e = 1-
+ (1-p )(1-p.) Cl-P)Mexp(aD)-(l-e)Oexp("CTD) 
^ ^ MNexp(CTD) - OPexp(-aD) 
(6) 
(I'Pj)^  2p(l-pj^ ) (pg+p^ ) - P^ (l+pj^ ) (l-pj^ -Zpg) 
(l-p^)^ + 23(l-p?) + P^(l+pj[)^ 
(7) 
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where a = [K(K+2S) 
S = rK/(K+2S)]'2 
M = (1+3) - Pg(l-3) 
N = (1+3) - Pi (1-3) 
0 = (1-5) - PgCl+P) 
P = (1-3) - Pi(1+3). 
Pp is the reflectance at the surface for inbound 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
radiation 
= % + (n-1) (3n-l)^ 
6(n+l)2 
n^ (n^ -l) ^ 
(n2+l)3 
In S2-11 -
(n+1) 
2n- (n^+2n-l) + 
(n2+l)(n4-l) 
8n4(n^ +1) 
(n^ +1)(n^ -l)2 
In n. (14) 
Pi is the internal reflectance for radiation bound 
for the surface from inside the body 
Pi = 1 - (l-Pe)/rx2. (15) 
pg is the reflection at the interface between the coat­
ing and the substrate and is here assumed to be zero. 
Values calculated for these two emissivity expressions 
are both 0.832 for uranium dioxide using approximate values 
of K* = 760/cm as approximated from Bates (29), n = 2.331 (26), 
and S = 75/cm as approximated from Folweiler and Mallio (36) 
from the expression 
S = 3/4(scattering factor) P'/r. (16) 
The scattering factor varies between zero and four and tends 
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toward two. P' is the pore fraction, and r is the pore 
radius (both estimated as lying between the limits of 0.01 < 
P' < 0.1 and 100|j, < r < ZOn) . The emissivity calculated from 
the classic equation is 0.840. 
Thus J the calculated values of emissivity for uranium 
dioxide agree very well with the experimentally measured 
values of Jones and Murchison (24). The agreement is so 
excellent as to suggest that very accurate emittance values 
for uranium oxides could be calculated if the various optical 
constants were known as a function of 0/U ratio, temperature, 
and wave length. Unfortunately these values are not known. 
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EQUIPMENT 
The two main components of equipment used in these meas­
urements were an arc imaging furnace and an optical sensing 
device. The furnace was an Arthur D. Littie-Strong product 
using rare-earth-cored positive electrodes to obtain radiation 
in the visible wave lengths. Two elliptical mirrors were 
aligned so that one focal point of each was at the arc and 
sample while the second focal point of each was at a mutual 
crossover point where light intensity measurements were made. 
The first focal points of the mirrors were at the outer plane 
of the mirrors so that hemispherical viewing was closely ap­
proximated. The light flux was picked up with two quartz light 
pipes which were attached to the same hub and fed through a 
filtering system into a photocell. The quartz tubes were par­
tially enclosed in stainless steel, bent to shape and coated 
with epoxy resin in the places where it was difficult to shape 
the stainless steel to them. The photocell was a Hoffman model 
51C barrier type with an output of several hundred millivolts 
before reaching a saturation value. The light filters con­
sisted of a piece of infrared absorbing glass approximately 
one centimeter thick combined with the filter from a Leeds 
and Northrup optical pyrometer (catalogue number 8623). Ten 
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determinations of the effective wave length of this combina­
tion gave a value of 0.656|j, with a sample standard deviation 
of 0.004m,. a second filter combination of a number 70 
Wratten filter and the infrared absorbing glass was also used 
in a few emittance measurements. The effective wave length 
of this combination was 0.70n as determined in a single cali­
bration. The output from the photocell was fed to a dual 
channel Hewlett Packard oscilloscope model 14OA where the arc 
and reflected plus emitted radiation were measured on one 
channel and the emitted and emitted plus reflected radiation 
were measured on the other channel at a greater sensitivity. 
The light pipes rotated at 3600 rpm and pointed in oppo­
site directions. Synchronized with the light pipes was a 
shutter rotating at 1800 rpm. The light pipes then "viewed" 
radiation from the arc, the sample emitted plus reflected 
radiation, arc radiation, and emitted radiation through each 
full cycle of the shutter. The main components of this equip­
ment are shown in Figure 1. 
This method of measurement has a rather long history of 
development. Laszlo (37) was among the first to observe that 
the emitted radiation and the emitted plus reflected radiation 
from a sample could be separated by suitable shuttering de­
vices in a solar furnace. Comstock (38) developed suitable 
Figure 1. Schematic diagram of the experimental 
equipment 
A - Carbon arc 
C - Reimaging mirror 
M]_ & M2 - Synchronous motors 
Gi & G2 - Optical filters 
F - Rotating light pipe 
E - Rotating shutter 
I - Main shutter 
J - Circular opening 
H - Photoelectric detector 
S - Screens 
0~ 
20 I9 
civ 
16 
adaptations to the arc furnace and made some measurements of 
emittance. Wilson (39) studied the emittance of space craft 
materials on equipment very similar to Comstock's. McMahon 
(40) has made useful adjustments in simplifying the equipment 
used and in providing dual channel recording which makes the 
method more sensitive at low temperatures. In fact this is 
McMahon's equipment except for different filters. 
The uranium oxide pellets were heated slowly by insert­
ing four stainless steel screens in the optical path of the 
furnace. These screens were then removed one at a time after 
the furnace had been started. 
A boron nitride sample holder was used to hold the 
samples in the focal point of the arc imaging furnace. The 
holder was contained in a water cooled copper container which 
also served as a plate to seat the quartz bell jar. The 
boron nitride was easily cleaned with acetone and showed no 
signs of volatilization, degradation, or reaction when heated. 
The quartz bell jars used were evaporating dishes obtained 
from General Electric. After grinding the top edge to seat 
on the 0 ring these jars were 5 cm in diameter by 1.8 cm high. 
The oxides which deposited on the jar were easily removed 
with a HNO3-HCI mixture. 
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OPERATIONAL THEORY 
The hemispherical spectral emittance of the uranium 
oxide samples was measured from the amplitude of the emitted, 
emitted plus reflected, and arc radiation in the arc imaging 
furnace. These amplitudes were given absolute significance 
when ratios of the same quantities were measured using a 
primary reflectance as a sample so that an overall furnace 
constant K was determined. 
From the definition of absorptance, reflectance, and 
transmittance 
°'h.\ + phx + '^ hx = (17) 
When the transmittance is zero as was the case here 
"hX + PhX = 1- (IB) 
Further, from Kirchhoff's law as substantiated by Weinstein 
(41) 
ghx = <^ hx- (19) 
Then 
= û'hx = 1 " phx = 1 - ^ hx/ihx 
= 1 -
(^ hx " h^x 
h^x 
(20) 
The output of the photocell can be related to the radiant 
flux from the sample and arc by the expressions 
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n-ià = kl%à (21) 
h^x + (22) 
i-hx = l"^ 2^ 3^ hx (23) 
where k2 and kg are viewing optic and pyrometer corrections 
for the arc radiation and is a viewing optic term for the 
sample. Combining Equations 20 through 23 
kl[(ehx+ 
2^^ 3 ^h\ 
=hx = 1 1 - k 
ihx 
(24) 
= 1 - k rh\/:hx. (25) 
To determine the overall furnace constant K a water 
cooled brass block of the same size and shape as the sample 
was polished and coated with several layers of MgO (42). 
This coating is reported to have a reflectance of 0.972 at 
0. 65w, (43). Then 
K = 0.972 Ihx/RhX- (26) 
A brightness temperature for the sample was obtained by 
calibrating the output of the photocell against a bulb cali­
brated by the Bureau of Standards. This process was carried 
out in three stages. First an optical pyrometer (Pyro, Micro 
Optical Pyrometer) was calibrated for true temperatures 
against a bulb calibrated by the Bureau of Standards. The 
pyrometer was then calibrated against a laboratory bulb 
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(Westinghouse CPR 6 volts 18 amperes) at set input voltages. 
Finally the output of the photocell was calibrated against 
the laboratory bulb at the same input voltages. 
Quantitatively, if the output of the photocell is linear 
®hA. ~ ^1 ^hA.* (27) 
The radiant emitted flux is given by Wien's law 
exp(C2/)^T^) . (28) 
Wien's law is an approximation of the more precise Plank's 
law but introduces less than 0.01% error at short wave lengths 
(30, p 17). Combining Equations 27 and 28 
= (l/ki)cj^ x-5/exp(c2/xta) (29) 
In = constant - (€2/^) (l/T^^) . (30) 
The brightness temperature of the sample, T^^, was converted 
to the true temperature of the calibrated laboratory bulb from 
the relationship between their radiant emission at the same 
amplitude 
^LhX=CiX'"^/exp(C2/XT)= GghX" s^x/exp(C2/TiT^) . (31) 
Equation 31 reduces to 
ta 
T  =  ( 3 2 )  
1 - ta^ (x/c2) ln(ej^ ;)^ ) 
A slide rule was constructed to solve Equation 32. 
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A polaroid of the reflected and arc radiation from a MgO 
specimen is shown in Figure 2. The overall furnace constant 
K as determined from these calibrations was found to be 
between 0.6 and 0.8. A plot of the output from the cali­
brated laboratory bulb against the reciprocal temperature 
is shown in Figure 3. 
In addition to the theoretical calibrations described 
above the operation involved here required the use of several 
other calibration procedures. First there was the problem of 
calibrating for the quartz bell jar. This calibration was 
accomplished by setting voltage inputs to a second laboratory 
lamp (G.E. #49 6 volts) in the same geometric configuration 
as the sample. The oscilloscope output was measured with and 
without the bell jar in place at several measured voltages. 
A single valued correction factor was thus obtained for the 
absorptance of the bell jar. Emittance measurements were 
made with four, one, and zero temperature controlling screens 
in the optical path so calibrations for each of the screen 
settings was also necessary. This was accomplished in the 
same manner as for the bell jar. Finally, since uranium 
oxides have high vapor pressures and deposit an oxide layer 
on the bell jar, this layer had to be calibrated after each 
Figure 2. Typical furnace calibration trace to determine K 
Upper level is reflected radiation (RhX) 
Lower level is arc radiation (Ih\) 
Both versus time (0.5 cm/sec.) 
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Figure 3. Typical temperature calibration curve showing linearity 
of photocell and effective wave length of filter 
In ( MV X 10"' ) =-2.200 4 + 10.48 
is3 
x^ 10 
4.2 43 4.4 
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heating. Single valued numbers were also taken for this cor­
rection, obtained as with the bell jar, but this factor was 
weighted as to the time that the furnace was in operation. 
All measurements were adjusted back to air values as it was 
impossible to place the bell jar over the laboratory bulb 
used in the temperature measurements. Figure 4 shows one of 
these calibrations. 
Figure 4. Typical calibration curve for decreased 
transmission of bell jar, oxide coating, 
or screens. In this case the oxide 
coating for sample 1-16 
27 
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MILLIVOLTS THROUGH OXIDE 
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URANIUM OXIDE SAMPLES 
The sintering of the samples followed loosely the work 
of Fuhrman et al. (44). It has long been recognized that 
particles with large surface areas will sinter quite well, and 
it is also known that uranium oxides with an O/U ratio greater 
than 2.00 will sinter well. Fuhrman et (44) broke down 
agglomerates by oxidizing commercial powders in air at 500°C 
for one hour which produced the orthorhombic U3O3 structure 
and broke up agglomerates in the process. The powders were 
then reduced to UO2 in hydrogen and reoxidized to U3O7 to 
produce a highly defective structure for sintering. The 
pellets were then reduced to any desired O/U ratio after 
sintering at 1100°C. They found that commercial powders are 
quite variable,and in some cases it was only necessary to 
oxidize the powders to U3O7 to produce good quality pellets. 
In other powders repeated oxidation-reduction steps were 
necessary to produce good pellets. 
Since a variety of pellet densities, stoichiometries, 
and porosities was desired for this study the simplest tech­
nique was attempted first. Mallinckrodt uranium oxide con­
taining 25 ppm iron and not more than 10 ppm of any other 
metallic impurity was oxidized in air for varying times at 
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135°C. The powders so obtained were pressed into pellets in 
a tungsten carbide die at 45,000 psi. These pellets were sin­
tered in a molybdenum resistance furnace under about half an 
atmosphere of helium for four hours at temperatures from 1300° 
to 2000°C. Bulk densities and apparent porosities were deter­
m i n e d  b y  w a t e r  i m m e r s i o n .  T h e  d e n s i t i e s  r a n g e s  f r o m  a b o u t  7 . 5  
to 9.7 g/cm^. O/U ratios were determined on small chips 
knocked from the bottom of the pellets by oxidation to UgOg 
in a microbalance at 800°C. It was felt that these samples 
were useful but that higher density pellets would also be 
needed. Twenty pellets were produced in this manner and are 
designated at 1-1 through 1-20 in this report. 
A second patch of powder was oxidized to U3O3 and then 
reduced to UO2 in flowing hydrogen. This process was done 
twice. An additional oxidation to U3O7 was carried out and 
the samples were then pressed. It was apparent that the par­
ticle size of the powder had been reduced as the samples could 
not be removed from the tungsten carbide die without cracking 
when pressed to high pressures. By reducing the pressure to 
2,700 psi the pellets held together. They were isostatically 
pressed to 50,000 psi. All of these samples were sintered 
in slowly flowing nitrogen for four hours at 1200°C. The 
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densities of these samples were all near 10 g/cm with poros­
ities less than 1%. Two of these pellets were used in this 
condition, two were further reduced in flowing hydrogen for 
one half an hour at 1000°C, and two reduced one hour at 
1150°C. Two groups of five pellets were resintered at 1300° 
and 1400°C. One pellet from each five was used without 
further treatment and two from each group were given each of 
the above described reduction processes. Sixteen pellets 
numbered 2-1 through 2-16 were produced in this manner. 
It was felt that there were still too few pellets with 
O/U ratios between 2.1 and 2.2 so a third batch of oxide was 
prepared and formed using the same techniques as used on the 
second batch. Initial sintering was carried out at 1400°C 
and reduction treatments started on pairs of samples at 500°C 
in flowing hydrogen. The reduction temperature was increased 
roughly 100°C on pairs of samples with all reduction times 
being one hour. The reduced pellets were further soaked in 
flowing nitrogen at 1400°C for four hours to remove possible 
concentration gradients. Stoichiometry and density were meas­
ured as before. The 0/U ratio of these samples ranged from 
2.19 downward to 2.01 but there were still no specimens in 
the 0/U range 2.10 to 2.16. The fifteen pellets produced in 
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this series were numbered 3-1 through 3-15. 
All of the samples were ground on 600 mesh silicon 
carbide paper and then polished on a lap with Linde A. The 
samples were washed carefully after each treatment with dis­
tilled water and acetone. A final washing was given each 
sample with acetone before the emittance measurements were 
made. 
1 
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EXPERIMENTAL 
The overall constant for the furnace, K, was determined 
about every day and a half during the measurements, or any 
time some major change was made in the experimental setup. 
Emittance measurements were made at low temperatures by sub­
stituting a tungsten bulb in place of the arc so that the 
furnace served only as a geometric unit for measuring emit­
tance. There was some heating of the sample using the tung­
sten bulb but it was estimated to be below 150°C by consider­
ing how hot the samples were when removed from the furnace. 
Higher temperature measurements were made with four, one, and 
zero temperature controlling screens in the optical path of 
the furnace. The measurement made the most often was to 
start the oscilliscope camera sweep at 0.5 cm/sec with one 
screen in place and remove this screen during the trace. In 
this way one could watch the emitted radiation build up, 
reach a maximum point, and fall off as the coating on the bell 
jar developed. When a screen was removed from the optical 
path and the sample was being heated the condition of thermal 
equilibrium required by Kirchhoff's law was not met. There­
fore, emittance values gathered during heating periods are 
not valid but are included to show qualitatively how rapidly 
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the material will diffuse energy at these temperatures. Even 
during fairly stable conditions there was some change in tem­
perature due to coating of the bell jar. It was felt that the 
emittance values gathered when there was no change in the 
amplitude of emitted or reflected radiation with time are the 
most valid, and such values were chosen for the graphs which 
appear later. 
When the O/U ratio of the samples was near 2.0 the 
samples tended to heat up rapidly upon removal of the last 
screen. An oxide deposit then collected on the bell jar and 
the sample cooled slightly. This type of heating is shown in 
Figure 5. Conversely, when the O/U ratio of the samples was 
high the oxide coating built up quickly on the bell jar and 
the increase in temperature on removing the last screen was 
considerably less. Figure 6 is a polaroid from this type of 
heating. 
The vacuum maintained over the sample presented a con­
siderable problem. If an inert gas atmosphere was maintained 
it was felt that conductive heat transfer might be large 
enough to prevent heating or make the radiative transfer of 
énêrgy nôt an only affective mechanism, thus throwing off the 
temperature measurements. Therefore, a partial pressure of 
Figure 5. Typical trace from a sample which heats and 
then cools with oxide layer on the bell jar 
Upper curve is emitted plus reflected and 
emitted radiation (E]^^+Rh\) and (Ehx) 
Lower curve is arc and emitted plus reflected 
radiation (Ihx) and (Ehx+Rhx) 
Both versus time (0.5 cm/sec.) 
Figure 6. Typical trace from a sample which heats up 
slowly due to a high vapor pressure of the 
oxide 
Both curves are as in Figure 5 
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oxygen was maintained over the sample according to the rela­
tionship of Aronson and Belle (45) 
P02(atm) " 76rexp(-3.3xlO^/T)][exp(31x/l-x)1 
where x is the excess oxygen in UO2+X•. A temperature of 
2200°K was always assumed in the solution of this equation 
and it was found that a mechanical pump was sufficient to 
obtain the desired vacuum over the samples. Additional stoi­
chiometry determinations were made on two samples after 
heating to determine any change in stoichiometry. Sample 
2-13 was slightly oxidized from U02,oi UO2 03 while 
sample 3-8 was reduced from U02,ig to UO2 14 during the 
emittance measurements. 
After heating, the samples were allowed to cool for at 
least half an hour in the water cooled holder. When removed 
they were not hot to the touch. 
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RESULTS 
The overall description of the pellets and the measured 
emittances and temperatures are shown in Tables 3 and 4. 
Plots of emittance versus 0/U ratio, for several temperatures 
and densities are shown in Figures 7 through 10 along with 
other values shown in the literature. Plots of emittance 
versus density, temperature, and porosity were not made since 
examination of Tables 3 and 4 did not show any apparent 
trends for these variables. The curves drawn through the 
data points are best line fits. In general these curves have 
the same trend as the room temperature data of Jones and 
Murchison (24). 
The temperatures and emittances correspond to one another 
in the following manner. The low temperature emittance was 
measured at about 450°K, the emittance measured with four 
screens was taken at about 1000°K, the temperature and emit­
tance with one screen are so labeled as are the maximum tem­
perature and emittance and the end point temperature and 
emittance. 
Table 3. Spectral hemispherical emittance of uranium oxides 
at 0.-656m. 
Sample O/U porosit^ ®low ®four 
ratio (%) temp. screens 
1-1 9 . 9 4 8  2 . 0 4  1 6 . 4  0 . 7 8  
1-2 10.412 2 . 1 4  1 0 . 5  0 . 7 1  
1-3 9 . 8 5 9  2 . 0 6  1 5 . 4  0 . 7 9  
1-4 1 0 . 2 2 1  2 . 0 7  1 6 . 9  0 . 7 9  
1-5 10.455 2 . 0 2  1 2 . 1  0 . 7 6  
1-6 10.364 2 . 0 5  7 . 3  0 . 7 3  
1 - 7  9 . 8 0 8  2 . 0 9  1 8 . 0  0 . 8 0  
1-8 9 . 5 6 2  2 . 1 0  1 9 . 0  0 . 8 0  
1-9 1 0 . 0 7 1  1 . 9 6  1 0 . 7  0 . 7 4  
1-10 10.326 2 . 0 2  1 0 . 9  0 . 7 8  
1-11 10.412 2 . 0 1  1 0 . 9  0 . 7 6  
1-12 10.299 2 . 0 3  9 . 2  0 . 7 5  
1-13 8 . 3 7 8  2 . 1 2  7 . 9  0 . 8 2  
1-14 9 . 3 3 2  2 . 1 6  5 . 7  0 . 8 3  
1-15 9 . 2 2 7  2 . 1 0  1 6 . 4  0 . 8 3  
1-16 8 . 2 7 5  2 . 1 8  4 . 6  0 . 8 2  
1-17 9 . 5 2 4  2 . 0 8  1 7 . 8  0 . 8 2  
1-18 slakes 2 . 2 1  — — 0 . 8 2  
1-19 slakes 2 . 2 1  - - 0 . 7 9  
1-20 slakes 2 . 2 4  — — 0 . 8 3  
2 - 1  10.019 1 . 9 5  0 . 8 2  0 . 7 0  
2-2 10.023 2 . 0 0  0 . 5 2  0 . 7 5  
2-3 10.017 2 . 0 0  0 . 9 6  0 . 7 2  
2-4 10.024 2 . 0 1  0 . 4 8  0 . 7 0  
2 - 5  9 . 9 6 5  2 . 2 5  0 . 9 3  0 . 6 8  
2 - 6  10.186 2 . 0 1  0 . 7 1  0 . 7 8  
2 - 7  10.192 2 . 2 2  0 . 5 0  0 . 7 2  
2-8 9 . 9 4 6  1 . 9 9  0 . 2 4  0 . 7 0  
2-9 9.185 2 . 0 0  0 . 4 8  0 . 7 5  
2-10 10.026 2 . 2 9  0 . 2 6  0 . 7 1  
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^one ^max. "^end ®heat ^one "^max. •'^ond 
screen point up screen point 
0 . 8 5  0 . 8 5  2002 2095 
0 . 7 8  0 . 7 0  2250 2450 
0 . 8 0  0 . 7 5  2100 2274 
0 . 8 6  0 . 8 0  2024 2213 
0 . 8 6  0 . 7 2  0 . 7 7  2102 2320 2274 
0 . 8 3  0 . 7 5  0 . 7 5  2094 2318 2288 
0 . 8 4  0 . 7 4  0. 72 2086 2283 
0 . 8 8  0 . 8 2  0 . 8 4  2153 2384 2325 
0 . 7 8  0 . 6 9  0 . 7 0  0. 66 2230 2417 2400 
0 . 8 2  0 . 7 5  2221 2400 
0 . 8 1  0 . 7 3  2223 2426 
0 . 7 7  0 . 6 9  0 . 7 1  0. 64 2287 2482 2428 
0 . 8 7  0 . 8 2  2130 2314 
0 . 8 3  0 . 7 2  0 . 7 2  0. 70 2317 2530 2530 
0 . 8 5  0 . 7 7  0 . 8 2  2290 2388 
0 . 7 9  0 . 7 2  0 . 7 4  2052 2444 
0 . 8 5  0 . 8 1  0. 79 2035 2198 
0 . 8 2  0 . 8 2  0 . 8 3  2285 2367 2306 
0 . 8 2  0 . 7 5  0. 78 2249 2442 
0 . 8 8  0 . 8 3  0 . 8 5  2118 2277 2215 
0 . 8 5  0 . 8 0  0 . 8 4  2153 2275 2214 
0 . 8 8  0 . 8 0  0 . 8 0  0. 81 2247 2447 2447 
0 . 8 3  0 . 7 5  0 . 7 5  0. 74 1960 2170 2170 
0 . 7 9  0 . 7 2  0. 69 2199 2367 
0 . 8 4  0 . 8 0  0 . 8 6  2001 2035 2017 
0 . 8 1  0 . 7 4  0 . 7 6  0. 72 2228 2304 2350 
0 . 8 6  0 . 8 7  0 . 9 1  0. 87 low low low 
0 . 8 0  0 . 7 3  0 . 7 5  0. 71 2162 2304 2282 
0 . 7 9  0 . 6 8  0 . 7 4  0. 65 2245 2449 2415 
0 . 8 5  0 . 8 8  1997 1951 
Table 3. (Continued) 
Sample Gb 0/U 
ratio 
Apparent 
porosity (%) 
®low 
temp. 
®four 
screens 
2-11 9 . 9 7 2  2 . 0 0  0 . 3 2  0 . 7 2  
2-12 9.911 1 . 9 6  0 . 4 6  0 . 7 3  
2-13 9.988 2 . 0 1  0 . 3 7  0 . 7 1  
2-14 10.157 2 . 0 1  0 . 5 0  0 . 7 2  
2-15 9 . 9 7 8  2 . 0 1  0 . 1 8  0 . 7 3  
2-16 10.047 2 . 2 4  0 . 3 6  0 . 7 1  
3 - 1  10.318 2 . 1 9  3 . 5 6  0 . 7 1  
3 - 2  10.458 2 . 1 9  5.14 0 . 7 5  
3-3 10.407 2 . 1 8  4 . 3 7  0 . 7 3  
3-4 10.518 2 . 1 7  0 . 5 5  0 . 6 8  0 . 8 6  
3-5 10.542 2.18 0 . 2 6  0 . 7 1  
3 - 6  10.307 2 . 1 6  3 . 5 9  0 . 7 3  
3 - 7  10.654 2 . 1 7  0 . 0 7  0 . 6 9  0 . 8 5  
3-8 10.574 2 . 1 9  10.09 0 . 7 3  0 . 8 5  
3-9 10.166 2.18 3 . 4 7  0 . 7 1  0 . 8 7  
3-10 10.385 2 . 0 3  0 . 5 6  0 . 6 9  0 . 8 6  
3-11 10.392 2 . 0 6  0 . 5 0  0 . 7 3  0 . 8 6  
3-12 10.101 2 . 0 1  4 . 1 7  0 . 7 4  0 . 8 6  
3-13 10.109 2 . 0 1  3 . 9 4  0 . 7 5  0 . 8 5  
3-14 10.398 2 . 0 2  0 . 4 7  0 . 6 8  0 . 8 6  
3-15 10.344 2 . 0 2  10.14 0 . 7 1  0 . 8 7  
0" 
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s 
one 
e 
max. ^end ^ heat T ^ one "^max. Tend 
screen point up screen point 
0 . 8 0  0 . 7 2  0 . 7 5  0 . 7 0  2221 2385 2347 
0 . 7 8  0 . 6 8  0 . 6 8  0 . 6 4  2232 2471 2455 
0 . 7 7  0 . 6 7  0 . 7 4  0 . 6 5  2249 2426 2351 
0 . 7 9  0 . 7 2  0 . 7 0  2079 2147 2166 
0 . 7 5  0 . 6 4  0 . 6 7  0 . 6 1  2166 2322 2257 
0 . 9 2  0 . 8 8  low low 
0 . 8 8  0 . 8 8  0 . 8 5  low low 
0 . 8 7  0 . 8 2  0 . 8 8  0 . 8 2  low 1918 
0 . 8 4  0 . 7 0  0 . 8 2  0 . 7 0  1906 1905 
0 . 8 9  0 . 6 8  1820 
0 . 8 5  0 . 8 6  0 . 7 4  2009 1959 
0 . 8 4  0 . 8 3  0 . 7 5  1927 1967 
0 . 8 6  0 . 8 6  0 . 7 8  1872 1867 
0 . 8 1  0 . 7 7  0 . 7 0  1845 1922 
0 . 7 7  0 . 6 5  0 . 6 4  .1929 2058 
0 . 8 3  0 . 7 6  0 . 7 3  1776 1947 
0 . 7 4  0 . 7 0  0 . 6 0  1975 1958 
0 . 7 2  0 . 5 7  0 . 6 7  0 . 5 8  2080 2237 2132 
0 . 7 8  0 . 6 9  0 . 6 5  2081 2167 
0 . 7 6  0 . 6 4  0 . 6 1  2016 2218 
0 . 7 3  0 . 6 4  0 . 6 4  0 . 6 0  2078 2240 2240 
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Table 4. Spectral hemispherical emittance of uranium oxides 
at 0.70|j, 
Sample Gb 0/U 
ratio 
Apparent 
porosity ®£our 
(%) screens 
®one 
screen 
®roax 
2-5 9 . 9 6 5  2 . 2 5  0 . 9 3  0 . 9 1  0 . 9 3  0 . 8 7  
2-14 10.157 2 . 0 1  0 . 5 0  0 . 9 1  0 . 8 7  0 . 8 5  
2-16 10.047 2 . 2 4  0 . 3 6  0 . 8 9  0 . 9 5  
3 - 5  10.542 2 . 1 8  0 . 2 6  0 . 9 1  0 . 9 4  
3-8 10.574 2.19 10.09 0 . 9 1  0 . 9 0  
3-11 10.392 2 . 0 6  0:50 0 . 8 9  0 . 8 8  
3-15 10.344 2 . 0 2  10.14 0 . 9 0  0 . 8 5  
Table 4. (Continued) 
Sample ®end 
point 
®heat 
up 
^one 
screen 
^max ^end 
point 
2-5 0 . 8 8  0 . 8 7  1935 1990 1985 
2-14 0 . 8 5  0 . 7 9  2002 2111 2111 
2-16 0 . 9 2  0 . 9 3  1891 1920 
3 - 5  0 . 9 2  0 . 9 2  1937 2000 
3 - 8  0 . 9 0  0 . 8 5  1931 2055 
3-11 0 . 8 3  0 . 8 1  1959 1962 
3-15 0 . 7 9  0 . 7 5  2110 2245 
Figure 7. Emit tance of uranium oxides at O.ôSôm- near 
room temperature 
-0 Data of Jones and Murchison (24) 
(normal) 
- A  First series of samples with < 10.0 
(hemispherical) 
"O First series of samples with G^ > 10.0 
(hemispherical) 
Second and third series of samples 
(hemispherical) 
0.9 
0.8 
• O 
0.7 
U/ 0.6 
0.5 
0.4 
03 
2.00 1.95 2.05 2.10 2.15 2.20 2.25 2.30 
0/U RATIO 
Figure 8. Emittance of uranium oxides at 0.656M. with one screen 
in the optical path without regard to density 
• 0 T < 1955°K 
A A 1955°K < T < 2058°K 
O O 2058°K < T < 2213°K 
© © 2213°K < T 
1.0 
0.9 
0.8 
0.7 
VW 0.6 
0.5 
0.4 
03 
1.05 2.00 2.05 2.10 2.15 2.20 2.25 2.30 
0/U RATIO 
Figure 9. Emittance of uranium oxides at 0.656ia with no screens 
in the optical path without regard to density 
• • T < 2162°K 
O O 2162°K < T < 2315°K 
A A 2315°K < T 
0.9 
OO 
0.8 
0.7 
VU 0.6 
0.5 
0.4 
03 
2.00 2.05 1.95 2.10 2.15 2.20 2.25 2.30 
0/U RATIO 
Figure 10. Emittance of uranium oxides at 0.70^ without 
regard to density 
Ù  A  Four screens in the optical path 
(hemispherical) 
O O One screen in the optical path 
(hemispherical) 
0 0 Zero screens in the optical path 
(hemispherical) 
A A Data of Jones and Murchison (24) 
(normal) 
.95 2.00 2.05 2.10 2.15 2.20 2.25 2. 
0/U RATIO 
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DISCUSSION 
The most important single observation that can be made 
from these data is that the emittance of uranium oxides is not 
a sensitive function of temperature, density, porosity, or O/U 
ratio. 
The emittance at high temperatures is a few per cent 
higher than at low temperatures. There seems to be a maximum 
in the emittance at high temperatures but the difference in 
emittance is within the scatter of the data. 
The difference in emittance between the low and high tem­
perature measurements may be due to a genuine temperature 
effect but could also be due to surface roughening as dis­
cussed later. These observations are in direct conflict with 
the work of Claudson (22) and Ehlert and Margrave (23) who 
found the emissivity decreased strongly with increasing temper­
ature. If one considers the emittance of a material as a 
measure of the ability to absorb energy, then a defective 
material like uranium oxide would be unlikely to lose absorp­
tion processes at high temperature if the absorption process 
can be related to a defect structure. Since Bates (29) re­
ports several absorption peaks near 0.65p as probably related 
to defect structure it would seem unlikely that no defect would 
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b e  l e f t  t o  a b s o r b  e n e r g y  a t  h i g h  t e m p e r a t u r e .  
The density of the specimens did not seem to affect the 
emittance on any noticeable scale with the exception of the 
data taken on the first series of samples at room temperature. 
Since the samples with the lowest densities were very poorly 
sintered, slaking in water, the slight trend here is more 
surprising for its low degree of resolution than for its 
a p p e a r a n c e  a t  a l l .  
The O/U ratio seemed to effect the emittance in the most 
consistent manner and follows the general trend found by Jones 
and Murchison (24) in almost every grouping. This trend is 
most likely related to the defect state of the material. That 
is, the higher the O/U ratio the more defects are available to 
absorb energy and consequently the higher the emittance. 
Since UO2.OO absorbs energy quite well the absorption mechan­
ism is still in operation at the stoichiometric composition. 
Thermal vibrations of the ions or defects in the oxygen lattice 
would seem the most likely mechanisms to absorb energy at the 
stoichiometric composition since these defects must always be 
present. 
The increased emittance at 0.70|i is hard to explain in 
terms of the absorption spectra of Bates (29) but tends to 
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agree with the measurements of Jones and Murchison (24) . This 
wave length is a little high to be right on the room tempera­
ture absorption edge. However, if the absorption edge is made 
up of several peaks as indicated (29) then emittance data at 
small wave length intervals might help resolve the peaks in 
the absorption spectra. 
The room temperature emittance values have a further 
significance when compared to the data of Jones and Murchison 
(24). The magnitude of the hemispherical spectral emittance 
is about 92% of the normal spectral value. Thus, uranium 
oxides come close to obeying Lambert's cosine law, at least 
when integrated over a hemisphere. 
It is not possible to conclude from these experiments 
whether the increased emittance observed at high temperatures 
depends on temperature, surface, or a combination of the two 
factors. It is generally felt that a surface must be very 
smooth for the emittance to be a function of the material 
only. However, Richmond (46) and Gordon (47) believe the 
surface can even be sandblasted and not affect the emittance. 
If the surface does not affect the emittance, the increase in 
emittance with temperature is real and the emittance values 
reported here are very close to emissivities. If the surface 
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alone increases the emittance at high temperatures, duo to 
roughening by volatilization, then the emittance values are 
correct. In this latter case it would be nearly impossible 
to measure the emissivity of uranium oxides as their vapor 
pressure is quite high and would always tend to roughen the 
surface. 
As has been mentioned, the emissivity of a body could be 
calculated from the optical constants if the optical constants 
were known as a function of temperature, composition, and den­
sity. Since the emittance of these oxides did not vary 
greatly it would seem that the optical constants are not a 
very sensitive function of these variables. 
The errors inherent in this type of measurement have been 
reviewed by McMahon (40) and Wilson (39). The largest error 
source probably comes from measuring the furnace constant K. 
T h i s  v a l u e  r a n g e d  f r o m  a b o u t  0 . 6  t o  0 . 8  i n  t h e  s e v e r a l  c a l i ­
brations. However, the emittances did not seem to vary pro­
portionately to K but in their own manner. The drop in tem­
perature while the shutter closes produces an error in temper­
ature and emittance. Wilson (39) reports that the emittance 
should be 2-3% low due to this error, while the temperature 
errors may be somewhat higher. Since this study indicates 
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that the omittance is not a sensitive function of temperature 
such errors in temperature have been ignored. 
The densities of the samples were increased and the 
porosities decreased during these measurements even though 
the heating time was generally less than two minutes with 
only a few seconds at the highest temperatures. Further, 
there appeared to be some reduction of the samples with the 
highest O/U ratios and oxidation of samples'with the lowest 
O/U ratios. Finally, there is some doubt that the stoichi-
ometry values are completely accurate due to the errors 
inherent in microbalance work. None of these errors are 
great enough to invalidate the general trends found in this 
study. 
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CONCLUSIONS 
1. The method of Cornstock as modified by McMahon has 
been used to measure the hemispherical spectral emittance of 
uranium oxides from near room temperature to about 2400°K. 
2. The emittance values were determined at wave lengths 
of 0.656M- and 0.70|J- and showed a tendency to increase with 
increasing wavelength contrary to what is expected from pub­
lished absorption data. 
3. The emittances, under all variations in temperature, 
O/U ratio, density, porosity, and surface finish were high. 
Values ranged from about 0.70 to 0.88. 
4. The emittance does not decrease with temperature as 
previously reported. 
5. The slight decrease in emittance with decreasing 0/U 
ratio reported at room temperature may also hold at hi^ tem­
peratures . 
6. The high absorptance and emittance of uranium oxides 
is probably related to the absorption edge in uranium oxides. 
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